Tailoring the microstructure of porous materials is essential in order to fulfill the various requirements in industry and daily life. Here we present the macroporous self-setting aluminum trihydroxide (ATH) foams which were fabricated by a direct foaming technique. Sodium dodecyl sulfate (SDS) was used as a surfactant and ATH particles were partially hydrophobized by the adsorption of SDS on its surface. Upon frothing, the foam was stabilized by ATH particles. SDS is a long chain surfactant and has low adsorption energy; therefore the microstructure of the foam was set immediately by the addition of ordinary Portland cement. The self-setting ATH foam obtained by this technique has an average cell size ranging from 69 to 140¯m and porosity in the range of 86 to 93%.
Introduction
During the last decade, several researchers devoted their efforts in the development of new processes for the manufacturing of porous materials. Porous materials are very important engineering materials due to their high level of demand in industry and daily life. There are several techniques for the manufacturing of porous materials such as replica, sacrificial template and direct foaming technique. 1),2) Particle-stabilized direct foaming technique is of particular interest due to its simplicity and low cost, therefore we used direct foaming technique to manufacture the ATH foam with SDS as a foaming agent in which foam can be produced by frothing the slurry containing surfactant and particles. Gonzenbach et al.
3)5) developed the particle-stabilized direct foaming technique that has been widely used to manufacture the macroporous ceramic with an open or closed cell structure. Ahmad et al. 6 )8) manufactured several ceramic materials and composites utilizing particle-stabilized direct foaming technique followed by consolidation by sintering.
After the preparation of porous material, sintering is necessary to consolidate the material and to get the good strength. Juillerat et al. 9) tailored the porosity in the self-setting particle-stabilized Al 2 O 3 foams using calcium aluminate cement. Ha et al. 10) successfully prepared the self-setting particle-stabilized zeolite 13X foams and clarified that zeolite with a bimodal pore structure can be foamed by particle-stabilized method and set with the aid of calcium aluminate cement without a sintering process. Here we present self-setting macroporous ATH foam which was set by ordinary Portland cement. The future prospect of this material is that we can use it as a fire retarding material because no sintering is required in the self-setting process. Fire retardants are important to ensure the fire safety of a wide range of materials including plastics, foam, fiber insulation, and building materials. Aluminum hydroxide commonly referred to as aluminum trihydrate (ATH) has been used as a fire retardant with the highest tonnage.
11),12) It decomposes at about 180 to 200°C according to the following reaction: The endothermic loss of approximately 35% by the mass of water resulting from the thermal decomposition of ATH has been reported between 1170 to 1300 J/g. 13) , 14) The water vapor from the reaction dilutes the radicals in the flame by absorbing a considerable amount of heat in the process. The residue of Al 2 O 3 builds up a protective layer which causes further retardation of flame. Bonati et al. 15) studied the formulation of asphalt mixtures with ATH and MH (magnesium hydroxide) as a fire retarding material and concluded that remarkable fire retarding properties can be achieved with flame retardant fillers such as ATH or MH. Dasari et al. 16) and Laoutid et al. 17) reviewed various flame retardants including ATH for polymeric materials. In the present work, we successfully prepared a porous ATH material which can have a function of fire retarding and therefore it can be used as a fire retarding building material. A key feature of fabricating selfsetting fire retarding macroporous materials is to increase the surface area to enhancing the fire retarding properties and to increase the insulation in winter season.
Experimental procedure 2.1 Materials
Aluminum trihydroxide powder (ATH) was purchased from (Sigma-Aldrich, USA) with a particle size D 50 of 5.17¯m. The ordinary Portland cement was acquired from (TongYang cement and energy corp., South Korea) having a particle size D 50 of 12.10¯m. Reagent grade sodium dodecyl sulfate (SDS, 99%, Sigma-Aldrich, USA) was used as a surfactant.
Foam preparation
Different compositions of the ATH and cement were prepared, as shown in Table 1 . Deionized water was used for the preparation of colloidal suspensions. Prior to frothing, colloidal suspensions of ATH particles were prepared by adding the powder to deionized water under stirring and ultrasonicated for 1 h. 35 mmol/L SDS was added into the colloidal suspension which acted as a surfactant. The colloidal suspension was frothed using a digital stirrer (Model SL1000D, Voltage AC 220V, Wattage DC 50W, Global Lab, Korea) at 1000 rpm. After 15 min frothing of colloidal suspension, cement was added slowly under the frothing condition. After the complete addition of cement, the colloidal system was further frothed for 10 min to ensure the homogenization of cement. The foam was immediately transferred to the Perspex molds and molds were tapped in order to remove any air pockets. The specimens were allowed to dry at ambient conditions in order to set and harden under cement reaction.
Characterization
The isoelectric point (IEP) of ATH powder was determined by measuring the zeta potential at different pH using Beckman Coulter Delsa· Nano C Particle analyzer, USA. For the zeta potential measurement, dilute suspensions containing 0.2 g/L of ATH particles were prepared in distilled water and their pH was adjusted using diluted NaOH and HCl solutions. The pH of the dilute ATH suspensions was varied from 6 to 10 and measured by using a pH meter (Mettler Toledo, InLabμ Expert Pro, USA). The fractured surfaces of porous specimens were investigated by scanning electron microscopy (SEM, JSM-5800, JEOL, Tokyo, Japan) and EDS analysis was carried out by field emission gun scanning electron microscope (FESEM, JSM-7001F JEOL, Tokyo, Japan). The bulk density of the resulting ceramic foam was calculated from the mass-to-volume ratio of the specimens and porosity was evaluated. The cell size of the foam was estimated by 'Image J' software package. The compression test was carried out using a universal testing machine (Model 4206, Instron Corporation, USA) with a crosshead speed of 0.5 mm/s. Different phases in the self-setting foam are characterized by XRD carried out by means of an X-ray diffractometer (D/max-2200 PC, Rigaku Co. Ltd., Tokyo, Japan). It was operated at 40 kV and 30 mA with a Cu K¡ radiation source ( = 0.1540 nm), and 2ª scanning range of 1070°at intervals of 0.05°.
Results and discussion
The particle size analysis of ATH powder and Portland cement is shown in Fig. 1 4 ] ¹ prevails. The zeta potential of ATH powder was measured at different pH is shown in Fig. 2 . It was found that the IEP of ATH powder is at pH 9.8. Therefore, ATH particles probably have positive surface chemistry at pH less than 9.8. In this study, the natural pH of the colloidal suspension was 8.8. SDS is an anionic surfactant, therefore negative end of SDS CH 3 -(CH 2 ) 11 -OSO 3 ¹ adsorbed on the positive surface [Al(OH)]
+2 of ATH particle and render it partially hydrophobic. Although ATH particles served to stabilize the air/water interface but SDS is a long chain surfactant, so its adsorption energy is less and requires a setting agent in order to set the microstructure. SDS molecules adsorbed on the particles surface as well as at air/water interface and reduce the surface tension of water. Due to this reduction in the surface tension of Symbols (AXCY) of the specimen notations are: "A" is ATH, "X" is amount of ATH, "C" is cement, and "Y" is amount of cement. *Water is 150 mL while all other compositions have water 100 mL. water, bubbles created due to frothing were stabilized by the particles. However, these foams do not have long life as bubble growth occurred due to coalescence and Ostwald ripening which resulted in the coarsening of the bubbles due to their low adsorption energy of long chain surfactant. 1) Several researchers utilize the direct foaming technique to manufacture the porous ceramics using sodium dodecyl sulfate (SDS) as a surfactant followed by gelation or setting.
18)21) Therefore, cement was used which immediately set the microstructure. A reduction in the 50% foam volume was occurred when cement was added to ATH foam because the viscosity increased due to cement addition. However, the cement reaction immediately set the microstructure and did not allow the bubbles to grow. Due to decrease in foam volume, it seems that the addition of cement has negative effect to foaming, but actually increase in viscosity of slurry due to cement was also helpful in reducing the cell size of the foam and the porosity was in the range of 86 to 93%.
The fractured surface of the ATH foams with different compositions set by ordinary Portland cement is shown in Fig. 3 . The microstructure of the A80C20 specimen is shown in Fig. 3(a) , which shows the average cell size of 141¯m. The specimen has broader cell size distribution and non-uniform cells due to poor foaming of the slurry and difficulty in frothing due to high viscosity of the slurry. A60C40 specimen also showed nonuniform cells with an average cell size is 116¯m as shown in Fig. 3(b) . When the water content in the *A60C40 specimen was increased from 100 to 150 mL, the foamability became good and open cell structure was observed with an average cell size of 98 m, as shown in Fig. 3(c) . These interconnected cells result from the decrease in the concentration of particles due to increase of water content which presumably leads to the formation of an open window. Therefore, the cell size and cell connectivity of the direct foamed materials can be tuned by varying the amount of particles in the initial suspension. The microstructure of the A50C50 specimen showed a closed cell structure with uniform cells having average cell size of 89¯m, as shown in Fig. 3(d) . The microstructures of the A40C60 and A30C70 specimens are shown in Figs. 3(e) and 3(f ) having an average cell size of 74 and 69¯m respectively. It was observed that the average cell size of the foam decreased when the cement content was increased. This is mainly due to the increase in viscosity of the suspension, when cement was added.
The compressive strength of the self-setting ATH foam was compared with the sintered zirconia foam, 6) as shown in Fig. 4 . The sintered zirconia foam showed compressive strength of 3.5 MPa with a porosity of 90%. The self-setting A50C50 foam specimen showed compressive strength of 0.2 MPa having an average cell size of 89¯m and porosity of 93%, whereas A30C70 specimen showed compressive strength of 0.7 MPa with an average cell size of 69¯m and porosity of 86%. It shows that the compressive strength increased with the cement content, therefore the strength of the A30C70 is higher as compared to A50C50 specimen.
Bulk specimen with a composition A50C50 obtained after setting and drying is shown in Fig. 5(a) . The consolidated selfsetting ATH foam has uniform cells as shown in Fig. 5(b) , whereas the details of the strut wall is shown in Fig. 5(c) . The high magnification microstructure of the strut clearly shows that the outer of the foam lamella consists of submicron ATH/cement particles which surround the bubbles and stabilize them, whereas the inner of foam lamella comprised of mixture of coarse ATH/ cement particles which strengthens it as shown in Fig. 5(d) . EDS analysis of the A50C50 specimen was carried out at two points, as shown in Fig. 5 . Point A represents the mixture of ATH/ cement present inside the foam lamella whereas point B represents the outer of the strut wall. In EDS analysis, Al is derived from ATH, whereas Ca, Si, and Mg are derived from cement. It is clear from EDS analysis that the inner of strut wall contains Al which is 56.34% and remaining is cement. The outer of the strut contains more Al (67.61%) which shows that the ATH has more submicron particles and have more tendencies to stabilize the air/ water interface as compared to cement. The particle size analysis of ATH and cement (Fig. 1) shows that there are submicron particles present. In direct foaming technique, the submicron particles have more tendencies to go to the air/water interface to stabilize it as compared to coarse particles. Therefore, outer of strut wall contains slightly more ATH which go at the air/water interface to stabilize it.
A schematic illustration which explains the mechanism of the stabilization of bubbles by ATH particles and strengthening of foam lamella by cement particles is shown in Fig. 6 . Before the addition of cement, the foam lamella was stabilized by the ATH particles as shown in Fig. 6(a) , whereas when the cement was added for the setting of foam, the foam lamella consists of mixtures of ATH and cement as shown in Fig. 6(b) . This schematic clearly shows that submicron ATH/cement particles uniformly surround the bubbles of the foam to stabilize the air/water interface whereas the inner lamella comprised of mixture of coarse ATH and cement particles.
XRD analysis of the specimen was carried out in order to identify the different phases present in specimens after setting is shown in Fig. 7 . The XRD data confirmed the presence of ATH, JCPDS 33-0018 in the specimens. Therefore, ATH can be used as a fire retardant after foaming and setting. The peaks corresponds to Portland cement compositions are JCPDS 42-0551, JCPDS 33-0306, JCPDS 41-1451 and JCPDS 04-0733 which represents Ca 3 SiO 5 , Ca 1.5 Si 3.5 xH 2 O, Ca 6 Al(SO 4 ) 3 (OH) 12 26H 2 O, and Ca(OH) 2 phases in the specimens after setting reaction.
Here we described a simple and versatile process for the fabrication of self-setting ATH. This process allows the fabrication of ATH foam with various compositions in a very simple way utilizing direct foaming technique. This material can be a future candidate for the fire retarding applications. Therefore, we expect that this technique will open new opportunities and further study will be carried out to increase the mechanical strength of the materials and enhancement in the fire retarding properties. This process is very useful for the production of building materials with functional properties with an advantage to form different shapes using low cost equipment and materials.
Conclusions
In summary, we have shown that self-setting ATH foams having average cell size in the range of 69 to 140¯m were successfully fabricated using direct foaming technique. The ATH particles stabilized the bubbles by making armor around them and the foam lamella consists of a mixture of ATH and cement, where cement acts as a strengthening agent. The XRD analysis confirmed the presence of ATH in the specimens after setting which showed that ATH did not react with cement and its functional properties remains in the specimens. The uniform cell size of ATH foam obtained by direct foaming technique and cement reaction ensures that this process offers a great flexibility to tailor the cell size, porosity and enhancing the strength of ATH foam by cement. Therefore, this material can be a future candidate for the fire retarding applications.
